1. Introduction {#sec1-nutrients-09-00643}
===============

Breastfed infants are entirely dependent on iodine supplied via breastmilk to ensure sufficient thyroid hormone production \[[@B1-nutrients-09-00643]\]. Infants are particularly vulnerable to iodine deficiency because the fetal and newborn thyroid is immature and has limited iodine stores \[[@B2-nutrients-09-00643],[@B3-nutrients-09-00643],[@B4-nutrients-09-00643]\]. Hence, an adequate iodine concentration in breast milk is essential for optimal offspring growth and neurological development \[[@B5-nutrients-09-00643]\]. In Europe, iodine deficiency (ID) seems to be re-emerging and a significant part of the population is today considered mildly iodine deficient \[[@B6-nutrients-09-00643],[@B7-nutrients-09-00643],[@B8-nutrients-09-00643],[@B9-nutrients-09-00643]\]. In the Nordic countries, there are indications that pregnant and lactating women are mildly iodine deficient \[[@B10-nutrients-09-00643],[@B11-nutrients-09-00643],[@B12-nutrients-09-00643]\]. This has raised concerns that ID has been overlooked as a public health concern in developed countries, including the Nordic countries \[[@B11-nutrients-09-00643]\]. Norwegians have been considered iodine-sufficient since the early 1950s. In the last decade, however, low iodine intake has been reported in population groups in all Nordic countries apart from Iceland, in addition to Britain and other affluent countries \[[@B8-nutrients-09-00643],[@B11-nutrients-09-00643],[@B13-nutrients-09-00643],[@B14-nutrients-09-00643],[@B15-nutrients-09-00643],[@B16-nutrients-09-00643],[@B17-nutrients-09-00643]\]. In Norway, due to iodine fortification of cattle fodder and ample consumption of milk \[[@B18-nutrients-09-00643],[@B19-nutrients-09-00643]\] and other dairy products, this food group is the major dietary source of iodine \[[@B20-nutrients-09-00643],[@B21-nutrients-09-00643]\]. However, the consumption of milk, yoghurt, and lean fish has declined over the past decades in some population groups and this explains why suboptimal iodine intake is becoming more prevalent \[[@B12-nutrients-09-00643],[@B22-nutrients-09-00643]\]. At the same time, fortification of salt with iodine is voluntary and the permitted level (5 µg/g) is too low to affect the iodine intake. With an average intake of 3 g table salt per day, iodine-fortified salt would contribute 15 μg iodine, which is a small contribution to the estimated iodine requirement of 209 μg/day in lactating women \[[@B23-nutrients-09-00643]\]. Furthermore, the iodine content in drinking water is insignificant \[[@B11-nutrients-09-00643]\].

In non-lactating women, approximately 90% of the ingested iodine is excreted through urine \[[@B1-nutrients-09-00643],[@B4-nutrients-09-00643]\]. Thus, median iodine concentration in urine is the recommended biomarker to monitor daily iodine intake in a given population \[[@B24-nutrients-09-00643]\]. According to Laurberg, in lactating women who consume the World Health Organization (WHO) recommended 250 µg iodine per day, around 40--45% of the iodine intake is transported into breastmilk by the sodium iodide transporter (NIS) and urinary iodine excretion is consequently lower \[[@B25-nutrients-09-00643]\]. Despite the importance of adequate iodine status and good thyroid health in lactating women and their breastfed infants, there is a large knowledge gap regarding the iodine status of lactating women in most Nordic countries \[[@B11-nutrients-09-00643]\]. In the present paper, we present data on breast milk iodine concentration (BMIC), urinary iodine concentration (UIC), and iodine intake from food and dietary supplements from a group of Norwegian lactating women.

2. Materials and Methods {#sec2-nutrients-09-00643}
========================

2.1. Population and Study Design {#sec2dot1-nutrients-09-00643}
--------------------------------

In this cross-sectional study, we randomly selected five out of 18 Mother and Child Health Centres in Oslo from a list stratified into five areas to represent different regions of Oslo, Norway. The lactating women were recruited at a postnatal care visit from October 2016 to December 2016. They were informed about the study purpose and that they had the opportunity to refuse to participate. The women who agreed to participate gave written informed consent. Only lactating women who had delivered an infant within the last six months and who were still lactating, either fully or partly, and who could read and write Norwegian, were invited to participate. In total, 254 lactating women were invited to participate, 193 accepted and 175 (69%) completed the study. The participation rate was equally distributed between the Mother and Child Health Centres (65--75%). The participants replied to a questionnaire on background information, habitual intake of 31 food items since delivery, and intake of iodine containing supplements. They also provided information on their intake of iodine-containing food items and iodine containing supplements during the last 24 h. Self-reported background information included the women's age, age of the infant, previous pregnancies, pre-pregnancy height and weight, thyroid disease, educational level, and smoking habits. Participants were also asked about their country of birth, how long they had lived in Norway, and what language they spoke at home. The present study was conducted according to the guidelines in the Declaration of Helsinki and was approved by the Regional Committee for Medical and Health Research Ethics Norway (2015/1845).

2.2. Collection of Breastmilk Samples {#sec2dot2-nutrients-09-00643}
-------------------------------------

Four breast milk samples per woman were obtained by expression into a labelled 50 mL polypropylene (pp) centrifuge tube (Sarstedt, Nümbrecht, Germany); two in the morning just after eating breakfast, and two in the afternoon; two with foremilk and two with hind milk. Simultaneously, the women were to report time of sampling (both breast milk and urine). Each woman received detailed oral and written information on how and when to collect and store the breastmilk samples. In between sampling, the milk was stored refrigerated at 2--4 °C from the time of sampling and until transportation to the laboratory. At the laboratory, breast milk samples were stored at minus 80 °C until analysis. The four portions of milk were pooled in the laboratory before analyses.

2.3. Collection of Urine Samples {#sec2dot3-nutrients-09-00643}
--------------------------------

A spot non-fasting urine sample was obtained in the morning, shortly after breast-feeding the infant. The mother sampled urine in a labelled 100 mL Vacuette^®^ Urine beaker (Greiner Bio-One, Kremsmünster, Austria), and subsequently, after arrival at the laboratory, a sub-sample of urine was withdrawn from the beaker into a 9.5 mL Vacuette^®^ Urine tube (Greiner Bio-One, Kremsmünster, Austria). Like the storage of breastmilk, spot urine was stored refrigerated from the time of sampling and until transportation to the laboratory, where the samples were put to storage at minus 80 °C until analysis.

2.4. Chemical Analyses {#sec2dot4-nutrients-09-00643}
----------------------

Deep-frozen samples of breastmilk were thawed and heated to 37 °C in a heating cabinet, subsequently homogenized, and finally aliquoted into 15 mL pp centrifuge tubes (Sarstedt, Nümbrecht, Germany by means of a 100--5000 μL electronic pipette (Biohit, Helsinki, Finland). A conformance test between volume and weight of sample matrices confined concentration of iodine to two significant figures. An aliquot of 1.00 mL of breast milk was diluted to 10.0 mL with an alkaline solution (BENT), containing 4% (weight (*w*)/volume (*V*))1-Butanol, 0.1% (*w*/*V*) H~4~EDTA, 5% (*w*/*V*) NH~4~OH, and 0.1% (*w*/*V*) Triton™, X-100, and was analysed for iodine concentrations by means of the Agilent 8800 Triple Quadrupole ICP-MS (Agilent, Santa Clara, CA, USA) using oxygen reaction mode. Iodine was determined on mass 127. ^129^I was used for correction of non-spectral interferences. The quantification of iodine in spot urine followed the same procedure, except that the urine was thawed, but not heated before the alkaline dilution, and the concentration of NH~4~OH in BENT was decreased to 2% in order to avoid precipitation of struvite (MgNH~4~PO~4~·6H~2~O) in urine. Reagents of analytical grade or better and deionized water (\>18 MΩ) were used throughout.

Accuracy in the determination of iodine was checked by analysis of standard reference materials. Allowing for experimental error, our data were within the recommended values issued ([Table 1](#nutrients-09-00643-t001){ref-type="table"}). Considering breastmilk, the limit of detection was 0.10 μg/L and the limit of quantification was 0.50 μg/L, calculated on replicate measurements of blank samples. Regarding urine, the limit of detection was 0.90 μg/L and the limit of quantification was 3.0 μg/L. Intermediate precision (within-laboratory reproducibility) was \<4%.

2.5. Iodine Intake from Food and Supplements {#sec2dot5-nutrients-09-00643}
--------------------------------------------

Iodine intake from food and iodine-containing dietary supplements was estimated for the last 24 h (24 h) before urine sampling and for the habitual intake. The 24 h recall assessed intake of iodine-containing foods, which in Norway comprises milk and yoghurt (number of glasses), cheese, eggs (including dishes), and fish (lean and fatty fish for dinner and/or on bread). The habitual intake assessment comprised 31 questions about average intake of major food items, including eight questions about iodine-containing foods. Of these, three questions assessed intake of milk and dairy products, four assessed intake of fish and fish-dishes, and one assessed intake of egg and egg-dishes. The questions had seven answer alternatives, ranging from rarely/never to five times daily or more. The food frequency questionnaire has not been formally validated to measure iodine intake. The answers to the questions related to intake of milk, cheese, fish, and egg were converted to daily amounts and multiplied with the iodine concentration for each food item/dish. The iodine concentrations reported in the Norwegian Food Composition Table \[[@B26-nutrients-09-00643]\] were used for all items except milk and egg. We applied 13 µg/100 g for milk and 30 µg/100 g for eggs, as analytical results for iodine concentration in these items were lower than the values in the food composition table \[[@B27-nutrients-09-00643],[@B28-nutrients-09-00643]\]. We applied recipes for deriving iodine concentration in composite dishes and for averaging concentrations from different fish species. To account for iodine contributed by foods and dishes not covered by the assessed food items, we added 30 µg/day to each estimated total intake. Using information provided by producers and labels, we calculated the amount of iodine contributed by iodine containing supplements and added this to the reported habitual use for estimation of total habitual intake, in addition to adding it to the iodine intake estimated in the 24 h recall.

2.6. Definitions {#sec2dot6-nutrients-09-00643}
----------------

An exact cut-off for BMIC has not been specified; however, breastmilk with iodine concentrations above 75 µg/L may be considered as an indication of sufficient iodine intake \[[@B3-nutrients-09-00643]\]. On a daily basis, a full-term infant needs 15 µg iodine per kg body weight to maintain positive iodine balance, which would equate to a BMIC of 100 to 200 µg/L \[[@B29-nutrients-09-00643]\]. The estimated iodine intake among infants was calculated based on a mean estimated consumption of breastmilk by 0--6-months-old infants of approximately 0.78 L/day \[[@B30-nutrients-09-00643],[@B31-nutrients-09-00643]\]. The WHO recommends a daily iodine intake of 250 µg/day during pregnancy and lactation \[[@B32-nutrients-09-00643]\] and a median UIC \<100 μg/L indicates insufficient iodine intake during lactation \[[@B33-nutrients-09-00643]\]. The Institute of Medicine established an estimated average requirement (EAR) for iodine of 209 μg during lactation \[[@B23-nutrients-09-00643]\]. The recommended iodine intake in the Nordic countries is set to 200 μg/day during lactation, while the recommended daily intake for non-pregnant women of reproductive age is similar to the WHO recommendation of 150 μg/day \[[@B34-nutrients-09-00643]\].

2.7. Statistics {#sec2dot7-nutrients-09-00643}
---------------

All data processing and analyses were done using IBM SPSS statistics version 24 (IBM Corp., Armonk, NY, USA). Data were checked for normality using Q-Q plots and the Shapiro-Wilk test. Normally distributed data were presented as mean ± standard deviation (SD). Non-normally distributed data were presented as median (25th--75th percentiles) values. Considering between-group comparisons, the Mann-Whitney U or Kruskal Wallis tests were used for non-parametric data. For comparison of related samples, we used Wilcoxon's signed rank test. Spearman correlations were performed to determine associations between variables. Multiple linear regression analyses were used to explore whether exclusive breastfeeding, number of children, age of the mother, education, work status, civil status, smoking habits, and country of origin were predictors of BMIC (dependent variable) in lactating mothers. Other dietary and maternal factors (thyroid disease) were also tested using a stepwise procedure, but none of those were significant predictors of BMIC and were therefore not included in the final regression models. Non-parametric dependent variables were transformed prior to analysis. All covariates showing a linear association (*p* \< 0.10) in the crude regression models were included in a preliminary multiple regression model. Excluded variables were reintroduced and those that were still significantly associated in this model (*p* \< 0.10) were retained in the final model. The regression models were checked for homoscedasticity using standard residuals within ± 3 and Cook's distance \<1 as parameters. The dose-response graphs were constructed using kernel-weighted local polynomial regression in STATA 14 (StataCorp., College Station, TX, USA).

3. Results {#sec3-nutrients-09-00643}
==========

Characteristics of the lactating women are presented in [Table 2](#nutrients-09-00643-t002){ref-type="table"}. The mean (±SD) age of the lactating mothers was 32 years (±4) and the infants were from two to 27 weeks old with an average age of 11 weeks. In total, 80% of the women exclusively breastfed their infants, and the prevalence was 83% in infants aged four months or less (*n* = 139). Half of the women had more than four years of higher education and 65% were born in Norway. Only 3% reported smoking and 6% had some type of thyroid disease. Twenty-nine percent of the women reported habitual use of an iodine-containing supplement, while 18% had used an iodine-containing supplement in the last 24 h. The iodine level in the supplements ranged from 150--200 µg. Women who reported use of iodine-containing supplements had significantly higher BMIC (mean 157 μg/L vs. 72 μg/L) than mothers who did not consume iodine-containing supplements.

BMIC, UIC, habitual and 24 h iodine intake from food and supplements are presented in [Table 3](#nutrients-09-00643-t003){ref-type="table"}. Median (p25, p75) BMIC and UIC were 68 (45, 98) and 64 (39, 95) µg/L, respectively. Median (p25, p75) habitual iodine intake from food and supplements (total iodine intake) was 135 (94, 211) µg/day, and the corresponding 24 h iodine intake was 134 (95, 222) µg/day. There was no statistical difference in habitual (average intake since delivery) and 24 h total iodine intake. Median (p25, p75) iodine intake estimated from UIC was 102 (58, 156) µg/day, and this estimate was significantly lower than the habitual and 24 h iodine intakes calculated from food and supplement intake (*p* \< 0.001).

In total, 70% and 74% of the women had a total iodine intake below the Nordic recommendation of 200 μg/day, based on the 24 h recall and habitual intake, respectively. For both 24 h recall and habitual iodine intake, 75% of the mothers had total intake below the EAR. The main dietary sources of iodine were milk/yoghurt (55%) and fish (20%). The median intake of milk and/or yoghurt was one glass per day and the median intake of fish for dinner or bread spread was two to three times per week both by the 24 h recall and the food frequency questionnaire. BMIC correlated both with the habitual (rho = 0.37) and 24 h recall (rho = 0.38) iodine intake, both *p* \< 0.001. UIC correlated with the 24 h iodine intake (rho = 0.25, *p* = 0.001), but not with the habitual intake (rho = 0.06, *p* = 0.454).

[Figure 1](#nutrients-09-00643-f001){ref-type="fig"} shows the frequency distribution of BMIC among the women. Seventy-six percent of the women had BMIC \<100 µg/L and 33% had BMIC \<50 µg/L. Ninety-one percent of the women had UIC \<100 μg/L, which is the WHO cut-off value.

The association between BMIC and age of the infant in weeks is presented in [Figure 2](#nutrients-09-00643-f002){ref-type="fig"}. BMIC decreased with increasing age of the infant (rho = −0.15, *p* = 0.049).

In multiple linear regression models ([Table 4](#nutrients-09-00643-t004){ref-type="table"}), the infant's age (β −0.02, 95% confidence interval (CI) (−0.03, −0.01)) and smoking (β −0.18, 95% CI (−0.32, −0.03)) were negatively associated with BMIC, while iodine intake from supplements last 24 h (β 0.01, 95% CI (0.01, 0.02)) and UIC (β 0.01, 95% CI (0.01, 0.04)) were positively associated with BMIC, explaining 33% of the variance in BMIC.

4. Discussion {#sec4-nutrients-09-00643}
=============

This is the first study to report BMIC and iodine intake among lactating women in Norway. We found suboptimal iodine concentrations in breastmilk and inadequate intake of iodine among the study participants. Low iodine intake during pregnancy and lactation is associated with an increased risk of impaired neurodevelopment in infants \[[@B9-nutrients-09-00643],[@B35-nutrients-09-00643],[@B36-nutrients-09-00643],[@B37-nutrients-09-00643],[@B38-nutrients-09-00643],[@B39-nutrients-09-00643]\]. Median BMIC in our study was 68 μg/L and 76% had BMIC \<100 µg/L, indicating inadequate iodine status in three-quarters of the lactating women. There is no scientific consensus on the BMIC that represents a sufficient iodine intake, and a wide range of BMIC values have been reported in areas with varying iodine sufficiency \[[@B3-nutrients-09-00643],[@B29-nutrients-09-00643],[@B40-nutrients-09-00643]\]. BMIC typically ranges from \<50 µg/L in iodine-deficient areas \[[@B41-nutrients-09-00643]\] to 100--200 µg/L in areas with iodine sufficiency \[[@B3-nutrients-09-00643],[@B29-nutrients-09-00643],[@B40-nutrients-09-00643],[@B42-nutrients-09-00643],[@B43-nutrients-09-00643]\]. A recent metabolic balance study proposed an estimated average requirement (EAR) of 72 µg/L in breastmilk to infants from 2--5 months of age \[[@B44-nutrients-09-00643]\]. Based on this EAR and a breastmilk consumption of 0.78 L/day, a BMIC ≥92 µg/L would indicate adequate iodine supply to exclusively breastfed infants.

Based on the individual mothers' BMIC and age specific infant breast-milk consumption \[[@B31-nutrients-09-00643]\] the infants in this study were provided with a median (25th, 75th percentile) daily iodine intake of 48 μg/day (30 μg/day, 70 µg/day). This is well below the daily iodine intake of 90 μg and 110 μg for infants below 6 months of age recommended by the WHO and the Institute of Medicine (IOM), respectively \[[@B30-nutrients-09-00643],[@B31-nutrients-09-00643]\]. Norway has one of the world's highest prevalences of exclusive breastfeeding \[[@B45-nutrients-09-00643],[@B46-nutrients-09-00643]\], and according to the latest national dietary survey conducted in 2013, the proportion of exclusively breastfed infants was 84% at two weeks of age, 65% at 3 months, 44% at 4 months, and 17% at 5.5 months of age \[[@B47-nutrients-09-00643]\]. Given the fact that a large portion of Norwegian infants receive mainly breastmilk, the BMIC is of special concern. There are limited data on BMIC in the other Nordic countries \[[@B11-nutrients-09-00643]\]. Iceland has in the past been known for its high iodine intake due to high lean fish consumption \[[@B48-nutrients-09-00643]\]. Data from Finland from 1960, reported average levels of 25 µg/L in breast milk from goitrous areas compared to 53 µg/L in non-goitrous areas \[[@B49-nutrients-09-00643]\]. In Denmark, BMIC was measured in 2014 in 127 lactating women. The median BMIC was 83 μg/L and was higher in iodine-supplemented mothers than in non-iodine-supplemented mothers, 112 μg/L and 72 μg/L, respectively. The use of multivitamins containing iodine during the lactation period was 47%. Regardless of whether the women took supplements containing iodine or not, the Danish women did not attain the WHO target levels during breastfeeding \[[@B50-nutrients-09-00643]\]. In our study population, we found that the use of iodine-containing supplements was a strong predictor for BMIC; women who reported use of iodine-containing supplements had significantly higher BMIC than mothers who did not consume iodine-containing supplements.

The median UIC of the lactating women in the present study was 64 μg/L and well below 100 μg/L, supporting the indication of insufficient iodine intake at the group level \[[@B32-nutrients-09-00643]\]. UIC is not an accurate measure of iodine intake at the individual level, and particularly not in lactating women \[[@B1-nutrients-09-00643],[@B50-nutrients-09-00643]\]. In a recent paper, Dold et al. stated that the current proposed median UIC cut-off of 100 μg/L is inappropriate for assessment of iodine status in lactating women \[[@B1-nutrients-09-00643]\]. Iodine-sufficient lactating women have an increased fractional iodine excretion in breast milk at lower daily iodine intakes; at the same time, the fractional iodine excretion in urine decreases, indicating preferential secretion into breast milk. Therefore, data on UIC in lactating women without data on BMIC may underestimate maternal iodine status in iodine-sufficient as well as iodine deficient mothers \[[@B1-nutrients-09-00643]\]. In our current study, iodine intake estimated from UIC was significantly lower than iodine intake calculated from food and supplement intake ([Table 3](#nutrients-09-00643-t003){ref-type="table"}).

BMIC is an indicator of maternal iodine status during breastfeeding \[[@B4-nutrients-09-00643],[@B5-nutrients-09-00643],[@B8-nutrients-09-00643],[@B9-nutrients-09-00643],[@B10-nutrients-09-00643],[@B11-nutrients-09-00643]\] and may be influenced by recent maternal iodine intake \[[@B51-nutrients-09-00643]\] and duration of lactation \[[@B5-nutrients-09-00643]\]. Concerning duration of lactation, we found that infant age was a strong negative predictor of BMIC, confirming that BMIC declines during the first six months of lactation \[[@B41-nutrients-09-00643]\]. Osei et al*.* \[[@B42-nutrients-09-00643]\] studied lactating women in South Africa and found the same negative association between BMIC and the age of the infants. This is opposite to findings among lactating Nepali women living in an area of sufficient iodine status, where median BMIC gradually increased between birth and 12 months \[[@B52-nutrients-09-00643]\]. In small observational studies, breastmilk iodine levels have been reported both to increase during the first postpartum month \[[@B53-nutrients-09-00643]\], decrease during the first 6 postpartum months \[[@B41-nutrients-09-00643]\], and vary from day to day \[[@B54-nutrients-09-00643]\]. A decline in BMIC in the postpartum period may be a characteristic of women with suboptimal iodine status \[[@B41-nutrients-09-00643]\]; i.e., like the lactating women in our study.

Milk was the major source of iodine in this study, followed by fish. Drinking-water and salt is considered to make a negligible contribution to iodine intake in Norway, while milk, fish, and eggs have been shown to be the main contributors to iodine intake in both non-pregnant \[[@B20-nutrients-09-00643]\] and pregnant women \[[@B11-nutrients-09-00643]\]. In this group of lactating women, 75% had a total intake below EAR and 74% had iodine intakes below the Nordic recommended intake of 200 μg/day. Only 19% had taken an iodine-containing supplement in the last 24 h and habitual iodine supplement use was reported by 29%, indicating that supplement use varies from day to day, and that habitual use was over-reported. Although milk was the major source of iodine in this study, followed by fish, the amounts consumed were far from sufficient to supply enough iodine. This suggests that for women in our study, food sources alone may not provide the amounts of iodine required to meet maternal and infant needs during breastfeeding. In Norway, there is no national iodine supplement recommendations to either pregnant or lactating women; women who are not able to cover their need through their diet should therefore be advised to increase their intake of iodine-rich foods or use an iodine supplement \[[@B55-nutrients-09-00643]\]. This is currently not common practice. In this study, we also found that 55% of lactating women had poor to low iodine knowledge scores when asked about their knowledge about iodine recommendations and food sources of iodine \[[@B56-nutrients-09-00643]\]. Low level of awareness regarding iodine needs and recommendations have also been reported in pregnant and lactating women in other countries \[[@B57-nutrients-09-00643],[@B58-nutrients-09-00643],[@B59-nutrients-09-00643]\]. This highlights the importance of increasing iodine knowledge and that implementation of adequate iodization of salt is needed also in Norway.

Despite only a few smokers (3%), a significant negative influence on BMIC was seen in the regression analysis. Thiocyanate in cigarettes inhibits the sodium-iodide symporter responsible for iodine accumulation in the thyroid, and the result of lower BMIC in smokers may indicate that smoking also results in lower amounts of iodine incorporated into breast milk. Thiocyanate inhibition of iodine transport into milk is documented in dairy cows and may also be operative in humans \[[@B60-nutrients-09-00643]\]. Approximately 35% of the lactating women in the study sample were not born in Norway; however, we found no differences in BMIC, UIC, or iodine intake related to country of origin. Jorgensen et al. found that median BMIC was lower for Caucasian than for non-Caucasian women \[[@B43-nutrients-09-00643]\].

The major strength of this study was the random sample selection of Mother and Child Health Centres, which represented women from all parts of Oslo, including 35% with an ethnicity other than Norwegian. Secondly, we collected four breastmilk samples per women, two in the morning, and two in the afternoon; two with foremilk and two with hind milk. Recent maternal iodine intake may influence BMIC which fluctuate throughout the day, and a single breast milk sample may provide an imprecise measurement of daily iodine output or maternal iodine sufficiency \[[@B51-nutrients-09-00643]\]. Third, we collected detailed information on 24 h iodine intake, including supplement use during the last 24 h, in addition to the habitual use. The food frequency questionnaire for calculating habitual iodine intake had not been formally validated, but the questions covered all iodine containing foods and there was good agreement between the calculated habitual and 24 h iodine intakes. The major limitation of the study was the lack of infant UIC and thyroid stimulating hormone/thyroid function tests \[[@B61-nutrients-09-00643],[@B62-nutrients-09-00643]\].

5. Conclusions {#sec5-nutrients-09-00643}
==============

The majority of the lactating women had suboptimal BMIC and UIC and inadequate intake of iodine from food and supplements. Food sources alone did not provide the amounts of iodine required during breastfeeding to meet maternal and infant needs. Considering that most lactating women are highly motivated to eat and live in a way that is optimal for the developing child, information about the importance of iodine should be easy to communicate to both mothers and health personnel. However, national health authorities also have a responsibility when sub-groups of a population suffer from inadequacies. Norway has not complied with the WHO recommendation to fortify table salt adequately---this is one of several measures currently considered by the health authorities in order to improve the situation.
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nutrients-09-00643-t001_Table 1

###### 

Accuracy in the determination of iodine was checked by analysis of standard reference materials (SRM); European Reference Materials ERM^®^-BD150 and ERM^®^-BD151 Skimmed milk powders, National Institute of Standards & Technology (NIST) 1549a Whole milk powder, Seronorm^TM^ Trace Elements Urine L-1, and Seronorm^TM^ Trace Elements Urine L-2.

  Matrix        Unit                                    SRM                                     Certified Value ± *u* ^a^   Analytical Value ± SD
  ------------- --------------------------------------- --------------------------------------- --------------------------- -----------------------
  Breast milk   mg/kg dry mass                          ERM^®^-BD150 Skimmed milk powder        1.73 ± 0.14                 1.66 ± 0.05 ^c^
                ERM^®^-BD151 Skimmed milk powder        1.78 ± 0.17                             1.66 ± 0.11 ^c^             
                NIST 1549a Whole milk powder            3.34 ± 0.30 ^b^                         3.58 ± 0.05 ^d^             
  Urine         µg/L                                    Seronorm^TM^ Trace Elements Urine L-1   84 ± 12                     77 ± 1.4 ^e^
                Seronorm^TM^ Trace Elements Urine L-2   304 ± 44                                278 ± 6.0 ^e^               

^a^ The uncertainty (*u*) is expanded with a coverage factor *k* = 2 corresponding to a level of confidence of about 95%; ^b^ Reference value; ^c^ *n* = 5; ^d^ *n* = 3; ^e^ *n* = 11. SRM: standard reference material; SD: standard deviation.

nutrients-09-00643-t002_Table 2

###### 

Sample characteristics and breast milk iodine concentration by maternal characteristics in lactating women (*n* = 175).

  Characteristics                    Mean (±SD)   BMIC Median   *p*-Value ^a^
  ---------------------------------- ------------ ------------- ---------------
  Age mother, years                  32 ± 4.2                   
  Infant age, weeks                  11 ± 6.6                   
  BMI, kg/m^2^                       25 ± 4.7                   
  Maternal age, categories           *n* (%)                    
  ≤30 years                          66 (37.7)    66            0.220
  \>30 years                         109 (62.3)   69            
  Infant age, categories                                        
  2--10 weeks                        89 (50.9)    70            0.034
  11--19 weeks                       54 (30.9)    71            
  20--28 weeks                       32 (18.3)    48            
  BMI categories                                                
  \<24.9                             108 (61.7)   69            0.098
  ≥25--29.9                          47 (26.9)    52            
  ≥30                                20 (11.4)    84            
  Number of children                                            
  One child                          106 (60.6)   70            0.382
  More than one child                69 (39.4)    66            
  Lactation                                                     
  Exclusive breastfeeding            140 (80.0)   80            0.096
  Partial breastfeeding              35 (20.0)    66            
  Education                                                     
  ≤12 years (high school)            32 (18.3)    52            0.487
  1--4 years higher education        53 (30.3)    70            
  \>4 years of higher education      90 (51.4)    68            
  Country of birth                                              
  Norway                             113 (64.6)   68            0.414
  Other                              62 (35.4)    64            
  HDI birth country ^b^                                         
  Very high HDI                      134 (76.6)   67            0.808
  High HDI                           13 (7.4)     70            
  Medium HDI                         11 (6.3)     75            
  Low HDI                            17 (9.7)     71            
  Smoking                                                       
  No                                 170 (97.1)   68            0.305
  Daily                              5 (2.9)      57            
  Thyroid disease                                               
  No                                 164 (93.7)   67            0.130
  Yes ^c^                            11 (6.3)     82            
  Iodine supplement use habitually                              
  No                                 124 (70.9)   60            \<0.001
  Yes                                51 (29.1)    99            
  Iodine supplement use last 24 h                               
  No                                 144 (82.3)   61            \<0.001
  Yes                                31 (17.7)    140           

^a^ *p*-value for difference between groups using Mann-Whitney U-test (two groups) or Kruskall Wallis test (more than two groups); ^b^ HDI: Human Development Index, includes country of origin of all study participants; ^c^ Includes both hypothyroidism (10 women) and hyperthyroidism (one woman). BMIC: iodine concentrations in breast milk; BMI: body mass index.
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###### 

Breastmilk iodine concentration, urinary iodine concentration, habitual iodine intake from food and supplements, and 24 h iodine intake from food and supplements in a group of lactating women in Norway (*n* = 175).

                                                 Mean (±SD)   Median   P25   P75
  ---------------------------------------------- ------------ -------- ----- -----
  Breastmilk iodine concentration, µg/L          87 (70)      68       45    98
  Urinary iodine concentration, µg/L             81 (76)      64       39    95
  Habitual iodine intake                                                     
  Iodine from food only, µg/day                  116 (65)     106      79    138
  Total iodine intake, µg/day                    158 (97)     135      94    211
  24 h iodine intake                                                         
  Iodine from food only, µg/day                  130 (64)     121      82    162
  Total iodine intake, µg/day                    160 (92)     134      95    222
  Iodine intake estimated from UIC ^a^, µg/day   129 (117)    102      58    156

^a^ Iodine estimated from UIC using the following equation: Iodine intake = UIC × 0.0235 × weight in kg \[[@B23-nutrients-09-00643]\]. UIC: urinary iodine concentration.
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###### 

Predictors of breastmilk iodine concentration (BMIC) in lactating mothers from Norway (*n* = 175).

  Dependent Variables   Predictor Variables   Unadjusted Coefficient (95% CI)   *p*       Adjusted Coefficient ^f^ (95% CI)   *p*       Stand Beta
  --------------------- --------------------- --------------------------------- --------- ----------------------------------- --------- ------------
  BMIC ^a^              Constant                                                          3.3 (2.8, 3.7)                      \<0.001   
                        Infant age ^b^        −0.02 (−0.03, −0.01)              0.017     −0.02 (−0.03, −0.01)                0.026     −0.14
                        Iodine supple ^c^     0.03 (0.02, 0.04)                 \<0.001   0.01 (0.01, 0.02)                   \<0.001   0.36
                        UIC, µg/L ^d^         0.03 (0.02, 0.04)                 \<0.001   0.01 (0.01, 0.04)                   \<0.001   0.26
                        Smoking ^e^           −0.18 (−0.35, −0.01)              0.042     −0.18 (−0.32, −0.03)                0.016     −0.16

^a^ BMIC log transformed; ^b^ Continuous variable of infant age in weeks; ^c^ Iodine intake from supplements calculated from 24 h dietary recall, continuous variable, 1 unit = 10 µg increments; ^d^ continuous variable, 1 unit = 10 µg increments; ^e^ Number of cigarettes, continuous variable; ^f^ Adjusted for the other variables in the model.
